Pd-Au bimetallic model catalysts, synthesized either as thin films on Mo(110) or as nanoparticles on a TiO 2 thin film, were used in CO oxidation at both low (1 × 10 -7 Torr) and elevated (8-16 Torr) CO pressures. Alloying with Au forms isolated Pd sites that are incapable of dissociating O 2 . This inability causes reactivity loss at low reactant pressures. Moreover, alloying also electronically modifies surface sites and affects the reaction activation energy. At elevated pressures, Pd preferentially segregates to the surface to form contiguous Pd sites and CO oxidation reactivity is regained. Under stoichiometric conditions and relatively low temperatures, Pd-Au alloys show superior reactivity compared with pure Pd due to more facile CO desorption (less CO inhibition). Under net oxidizing conditions, metallic Pd displays superior reactivity due to its higher capability of dissociating O 2 . However, pure Pd oxidizes and loses reactivity more readily than do Pd-Au alloys.
Introduction
Silica-supported Pd-Au bimetallic catalysts promoted with potassium acetate are commercially used in the synthesis of vinyl acetate. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] Pd-Au alloys also catalyze other important reactions, for example, the selective oxidation of alcohols to aldehydes or ketones and H 2 O 2 synthesis. [13] [14] [15] [16] Some of the most recent advances in chemical synthesis catalyzed by nanocrystalline Au and Pd-Au alloys have been summarized by Hutchings. 17 Recent U.S. patents, using a Pd-Au alloy in combination with other precious metals (Pt, Pt-Pd alloy, Pt-Bi alloy, etc.) as engine exhaust catalysts, have substantially reduced CO and hydrocarbon emissions. 18 Inspired by the potential industrial application of Pd-Au alloys in three-way catalytic converters (TWCs), we conducted a series of fundamental investigations. A PdAu(100) model catalyst was used to study CO oxidation and CO + NO reactions at conditions commonly used in studying automotive converter catalysis, that is, reactions at or near stoichiometry, CO pressures of ∼0.01 atm, and temperatures between 300 and 800 K. Briefly, we found extremely high reactivity (orders of magnitude higher than pure Pd) below ∼500 K for both reactions. This effect is due primarily to the low binding energies of CO/NO with the AuPd(100) surface such that CO/NO inhibition is greatly reduced; that is, empty surface ensembles for O 2 /NO dissociation are more easily generated at relatively low temperatures on the alloy surface. [19] [20] [21] Besides reaction kinetics, these studies also systemically investigated surface Pd segregation induced by elevated-pressure reactants, and surface ensembles that are responsible for O 2 /NO dissociation, using polarization-modulation infrared reflection absorption spectroscopy (PM-IRAS).
At near-atmospheric pressures, CO oxidation over Pt-group metals has been known to be a structure-insensitive reaction under reducing (CO-rich), stiochiometric (CO/O 2 ) 2/1), and even mildly oxidizing (O 2 -rich) conditions; that is, reaction kinetics on single-crystalline surfaces with different orientations and supported particles are almost identical at these CO/O 2 ratios and relatively low temperatures. This is rationalized by the reaction-controlling step being CO desorption from a COdominant surface. [22] [23] [24] [25] [26] [27] [28] [29] [30] Beyond this CO-inhibited regime, as well as under net oxidizing reaction conditions, the reaction may become structure sensitive; however, investigations under such conditions are often complicated by mass transfer limitation, oxidation of the metal surface, etc. 28, 29, 31 Compared with singlemetal catalysts, CO oxidation over an alloy surface is more complex because of the coexistence of various active ensembles and changes of these ensembles (for example, surface segregation) at different reaction conditions. It is anticipated that such changes are a function of reactant pressure, composition, reaction temperature, etc. The complexity of an alloy catalytic system may mean that the simple structure-insensitivity situation observed for single-metal catalysts may not be retained for the alloy. In other words, reaction kinetics with a bulk alloy may be very different from supported particles due to factors that might affect surface atomic composition and distribution, for example, very different bulk compositions versus the surface composition for bulk alloys as well as particles. In the present study, we use Mo(110)-supported Pd-Au thin films and TiO 2 -supported Pd-Au nanoparticles as model catalysts to study CO oxidation at both low (1 × 10 -7 Torr) and near-atmospheric pressures, and to compare with PdAu(100) we recently studied, 19, 20 aiming to discover similarities and differences among the three systems.
Experimental Section
Polarization-modulation infrared reflection absorption spectroscopy (PM-IRAS) and reaction kinetics measurements were the primary methods used in this study. The experimental apparatus has been described in detail previously. [28] [29] [30] Briefly, the apparatus consists of (1) an ultra-high-vacuum (UHV) section equipped with Auger spectroscopy (AES), low-energy electron diffraction (LEED), and an UTI 100 quadrupole mass spectrometer (QMS) and (2) a high-pressure infrared/reaction cell. The PdAu(100) bulk alloy single crystal (Matek) was cleaned by repeated ion sputtering at room temperature, followed by annealing at 800 K for 20-30 min. 32 The sample cleanliness was verified by AES. The annealing process allowed equilibrium surface concentrations of Pd and Au to be reached. Low-energy ion scattering spectroscopy (LEISS) has revealed that, following this treatment in ultrahigh vacuum, the surface has ∼10% of Pd and ∼90% of Au. 32 CO titration shows that surface Pd atoms are completely isolated by Au in this case. 20 Mo(110)-supported Pd-Au alloy thin films were prepared as follows: (1) The Mo(110) substrate was cleaned by repeated reaction with ∼5 × 10 -7 Torr O 2 at 1000 K, followed by annealing to ∼2000 K through e-beam heating. (2) Au and Pd were evaporated by passing currents through dosers made of high-purity Au and Pd wires (99.99%) wrapped around Ta filaments. The dosers were outgassed thoroughly prior to use. Coverages (in monolayers, ML) were determined using break points of the Pd/Mo and Au/Mo Auger ratios. 33 Following codeposition of Au and Pd, the sample was annealed to 800 K for ∼20 min for thorough alloying between the two metals. 34 TiO 2 -supported Pd-Au particles were produced in a similar fashion, except that the cleaned Mo(110) substrate was first covered with an ∼20 ML TiO 2 thin film. The formation of this film has been described in detail elsewhere. 35 Briefly, Ti was evaporated onto Mo(110) in the same fashion as Pd and Au. During deposition, the Mo(110) substrate was held at 600 K in 5 × 10 -7 Torr of O 2 in order for the deposited Ti to oxidize. The film was further oxidized in the same O 2 atmosphere to ∼1200 K to synthesize stoichiometric TiO 2 . The as-formed model catalysts were further cleaned in 5 × 10 -7 Torr of O 2 at ∼800 K to remove any carbon deposits prior to use.
PM-IRAS measurements were carried out using a Bruker Equinox 55 FTIR spectrometer coupled with a polarization modulator to subtract infrared signals arising from gas-phase absorption. This method allows in situ measurements of surface species over a wide range of pressures from UHV to atmospheric. Two methods were used to study CO oxidation kinetics: (1) Low-pressure kinetic measurements (P CO ) 1 × 10 -7 Torr, CO/O 2 ) 2/1) were carried out under steady-state flow conditions by backfilling the infrared cell (∼1.0 L) with the desired gas mixture and monitoring the CO 2 (44 amu) and CO (28 amu) mass spectrometer signals (correcting for fragmentation and sensitivity at these two masses). In this case, the infrared cell and the main chamber were coupled, allowing QMS detection of products. (2) High-pressure kinetic measurements (P g 0.1 Torr) were conducted using the infrared cell as a batch reactor where the cell was decoupled from the UHV chamber using Teflon sliding seals. Reaction rates, in this latter case, were derived by postreaction analysis of the gas-phase composition using the QMS or, alternatively, by measuring the pressure change of the gas phase in situ with a Baratron capacitance manometer. CO conversion, unless otherwise specified, was kept below 10% to ensure the acquisition of differential reaction rates.
C.P. grade CO (>99.5%, Matheson Tri-Gas) was further purified by passing through a 4A molecular sieve and a liquidnitrogen-cooled trap to remove metal carbonyl impurities. Ultrahigh-purity O 2 (Matheson Tri-Gas) was used as received.
Results
3.1. Low-Pressure Kinetics. As has been reported in detail elsewhere, [28] [29] [30] using the low-pressure steady-state method described above, CO oxidation falls within the collision limited regime at CO pressures e 1 × 10 -3 Torr. Under any reaction condition in this regime, CO conversion is readily obtained using a QMS; the CO collision rate with the sample surface is readily obtained using the Hertz-Knudsen equation, 36 allowing both the CO reaction probability and the CO 2 formation rate to be obtained (the latter requires the surface atomic density to be known). The key findings are the following: (1) CO conversion decreases as more Au is deposited and alloyed with Pd. The Au/Pd (1/ 20) alloy is almost identical to a 20 ML Pd film (data not shown) and indeed resembles Pd single crystals in terms of CO reaction probability and T max (temperature at which the CO conversion maximizes). 29, 30 In contrast, the reactivity of the Au/Pd (20/20) alloy is reduced by at least an order of magnitude. (2) T max decreases with the addition of Au, as indicated by the dotted line in the graph ( Figure 1a) .
As has been shown previously, 29 CO oxidation at such low pressures falls into two regimes: a CO-covered low-temperature regime and a high-temperature regime. These two are separated by T max . The rate increases with increasing temperature in the low-temperature regime due to the fact that higher reaction temperature promotes CO desorption and thus creates more open sites for O 2 adsorption and dissociation. The CO coverage is typically below ∼0.01 ML at T max on pure Pd and Pt surfaces. 29 On the other hand, the reaction rate decreases with increasing temperature in the high-temperature regime due to the decrease in CO resident time with increasing temperature. 37 Arrhenius plots shown in Figure 1b depict two surfaces: Au/Pd (1/20) and (20/20) . The CO 2 formation rates (TOF) are calculated, assuming a surface atomic density of ∼1.4 × 10 15 cm -2 . This is estimated using the CO conversion at T max compared with that obtained using a Pd single crystal at the same reaction conditions. 29 As shown in the figure, the apparent activation energies in the lowtemperature regime are quite different: E a is 82 kJ/mol for Au/ Pd (1/20), a value similar to that of Pd single crystals at the same reaction condition, 29 whereas for Au/Pd (20/20) , E a drops to only 45 kJ/mol. Alloys with intermediate Au/Pd ratios display reaction activation energies between 82 and 45 kJ/mol (not shown). The reaction kinetics behavior is completely reproducible in repeated experiments using the same surface, indicating that the alloy composition and exposed sites remain essentially invariant at these low-pressure conditions. Attempts were also made using these alloys at near-atmospheric CO oxidation conditions. Unfortunately, these alloy thin films sinter quickly, resulting in rapid deactivation.
The sintering problem, however, can be circumvented using nanoparticles supported on an oxide, 38 thus allowing the reaction to be probed at both low and elevated pressures on the same surface. The following experiments were carried out using supported alloys on an ∼20 ML thick TiO 2 film grown on Mo(110). Again, this oxide film is made thick enough to avoid any effect of the Mo(110) substrate on the supported cluster properties. Following TiO 2 film growth, 3 ML of Pd was first deposited and a low-pressure CO oxidation reaction (P CO ) 1 × 10 -7 Torr, CO/O 2 ) 2/1) then carried out. Afterward, Au was also deposited and alloyed with Pd at 800 K for 20 min, and then a CO oxidation reaction was carried out. As shown in Figure 2 , although Pd itself catalyzes the reaction promptly, alloying dramatically decreases the reactivity. The reactivity of the sample is completely lost upon deposition of 3 ML of Au and alloying with Pd. Note that, under the same reaction conditions, a well-annealed PdAu(100) sample also shows no reactivity. 19, 20 This behavior, rationalized by the lack of contiguous Pd sites on these surfaces where O 2 dissociation occurs, will be discussed in more detail below.
Elevated-Pressure Kinetics and PM-IRAS.
Reactions at near-atmospheric pressures (P CO ) 16 Torr, CO/O 2 ) 2/1) were carried out in the infrared cell where in situ PM-IRAS spectra were simultaneously acquired. The reaction is started, first, on 3 ML of Pd/TiO 2 /Mo(110). Thereafter, Au is gradually deposited (from 0.5 up to 9 ML), alloyed with Pd, followed by reaction. Subsequent to reaction, the gaseous mixture was first transferred to a glass bulb, then leaked into the main chamber for QMS analysis. As the precise exposed surface sites are unknown, the following strategy was used to estimate the reaction turnover frequencies: (1) The reaction was assumed to be structure-insensitive on pure Pd at these low temperatures and at elevated pressures and stoichiometric conditions. Also, the reaction rate was assumed to be zero-order with respect to the total reactant pressure (that is, +1 order in CO pressure and -1 order in O 2 pressure). [22] [23] [24] [25] [26] [27] [28] [29] [30] The reaction rate was also assumed to behave in Arrhenius fashion. For example, a TOF of ∼500 at a reaction temperature of 600 K from the literature 38,39 is assumed to be the rate at 600 K in this study. (2) On the basis of these assumptions regarding the reaction rate and CO conversion, together with values of the reactor volume, reaction time, and sample size, the 3 ML Pd/TiO 2 / Mo(110) model catalyst active surface sites are calculated to be ∼1.5 × 10 15 cm -2 . This value is in excellent agreement with supported nanoparticles at similar coverages. 40 For the Pd-Au/ TiO 2 /Mo(110) samples, the active surface sites are assumed to be 1.5 × 10 15 cm -2 .
As shown in Figure 3 , supported Pd particles only have measurable activity above ∼450 K, whereas Pd-Au alloys display significant low-temperature activity. The apparent reaction activation energy (E a ) for Pd is ∼120 kJ/mol, similar to the literature values obtained using Pd single crystals and supported Pd particles. 38, 39 In contrast, the E a 's for the Pd-Au alloys vary from ∼50 to ∼70 kJ/mol and differ little with the fraction of Au in the alloy. However, it is apparent that all the Pd-Au alloys are similar in their reactivity behavior, and all are distinctly different from pure Pd.
The various sites on the Au-Pd alloy surfaces, that is, contiguous Pd sites, isolated Pd sites, and Au sites, can be probed with IRAS using CO as a probe molecule. The lack of contiguous Pd sites at low pressures for certain Pd-Au alloys, for example, vacuum-annealed PdAu(100), has been reported recently. 19, 20 At elevated pressures, PM-IRAS spectra reveal very different surface compositions, differences sufficient to explain the enhanced reactivity. Figure 4 presents spectra acquired at 325 K under reaction conditions on TiO 2 -supported Pd (3 ML) and various Pd-Au alloys. This temperature is sufficiently low to form CO-saturated overlayers. 20 As seen in the bottom spectrum, pure Pd displays two primary CO bands: an atop CO feature at 2105 cm -1 and a much stronger bridging CO band at 1996 cm -1 . Much weaker signals are apparent at lower frequencies. These CO features are consistent with the majority of the exposed Pd facets being 〈111〉 and 〈100〉 orientations. 39 Upon alloying with Au, two characteristic atop CO bands appear: A band at 2085 cm -1 , which grows rapidly with increasing Au deposition up to ∼2 ML and saturating thereafter, is assigned to atop CO on isolated Pd sites. The band at 2120 cm -1 is assigned to atop CO on Au sites. This band only becomes detectable at a Au deposition of 2 ML and thereafter intensifies with the addition of Au. The CO band at ∼1988 cm -1 is assigned to bridging CO on contiguous Pd sites. It is emphasized that vacuum-annealed Pd-Au alloys at a bulk Au/ Pd atomic ratio of 1 and above have no contiguous Pd sites on the surface. The intensive bridging CO features shown in Figure  4 , especially on samples with bulk Au/Pd ratios g 1, are due entirely to preferential Pd segregation to the surface at elevated gas pressures.
Temperature-dependent PM-IRAS spectra are shown in Figure 5 on selected samples. As depicted in Figure 5a for pure Pd, the atop CO band red shifts from ∼2105 to ∼2060 cm -1 as the reaction temperature rises and the bridging band shifts from 1998 to 1970 cm -1 with increasing temperature. The integrated peak areas begin to decrease above 450 K in an almost linear fashion (data not shown), and indeed, the CO 2 formation only becomes measurable above this same temperature (Figure 3) . When the reaction rate becomes sufficiently high, for instance, at 600 K, the surface CO intensity becomes barely detectable. For the Au/Pd (1/3) alloy shown in Figure 5b , the atop CO band on isolated Pd is largely temperature-invariant, suggesting that this CO species is likely the least reactive one. The variation of the bridging CO band as a function of temperature, on the other hand, is similar to pure Pd. As shown in Figure 5c on the Au/Pd (3/3) alloy surface, the CO band on Au sites disappears below 400 K, consistent with a weak bond strength between CO and Au. The CO bands on Pd sites show similar temperature dependence as on the Au/Pd (1/3) alloy. Finally, the Au/Pd (9/ 3) alloy (Figure 5d ) surface does show a reduced CO binding: the atop CO on Pd sites greatly attenuates above 550 K, and the bridging CO band disappears above 475 K.
Reaction at Net Oxidizing Conditions.
In the following experiments, reactions were carried out under net oxidizing conditions (P CO ) 8 Torr, CO/O 2 ) 1/10, 500 K) to probe reaction kinetics under nonsteady state where dramatic changes occur promptly; that is, the surfaces can change quickly from a CO-dominant metallic state to an O-dominant metallic state, then finally to an oxidized state. The reaction under these conditions is followed with a precision Baratron pressure gauge rather than by postreaction analysis with QMS, to expedite analysis of the non-steady-state reactivity. According to the reaction stoichiometry, the drop in the gas pressure yields a reliable measure of the reaction rate. [28] [29] [30] In this specific case (P CO ) 8 Torr and oxygen-rich), the gas pressure drops from 88 to 84 Torr upon completion of reaction. Figure 6 compares the reactivity of two TiO 2 -supported samples: Pd (5 ML) and Au/Pd (1 ML/5 ML). For the Pd/TiO 2 sample, the reaction rate accelerates with time initially. At the reaction time of ∼7.5 min, a rapid jump in the rate is evident (marked with "a" adjacent to the pressure-time curve). At a reaction time of ∼15 min, the reaction virtually stops (marked with "b"). Note, at this point, that there is still ∼1 Torr of unreacted CO left in the reactor. For the alloy sample, it is apparent from the pressure drop that the initial reaction rate is approximately half of that for pure Pd. A similar rate jump is seen at a reaction time of ∼14.5 min (marked with "c"). It is also noticed that the reaction is essentially complete following 30 min of reaction. For alloys with higher amounts of Au, a further initial rate decrease is observed (not shown).
The change in surface species is simultaneously monitored using PM-IRAS. Each spectrum shown in Figure 7 is the integrated spectrum of 3 min of scan (∼200 scans). As displayed in the left panel for the 5 ML Pd/TiO 2 sample, the three CO bands detected at 2072 (atop), 1978, and 1927 cm -1 (bridging) during the first 6 min of reaction indicate that the surface exists in the CO-covered metallic state. A dramatic change occurs between a reaction time of 6 and 12 min, where the sample changes from a CO-covered metallic state to a state with low CO coverage. This state, previously described as a "hyperactive" state, 31 has been shown to be a transient CO-uninhibited metallic state where the CO 2 formation rate can, in principle, reach the collision limit were there not a mass transfer limitation. [28] [29] [30] [31] In Figure 6 , it is evident that this state begins at point "a". Because each spectrum is an average of 3 min of scanning, it is difficult to know the exact surface state at point "a". A previous study, using much shorter scanning intervals, has revealed that the surface CO coverage is below the detection limit of PM-IRAS (∼0.01 ML). 29 Subsequent to the formation of this state, for example, for a reaction time longer than 12 min, the appearance of a CO band at 2151 cm -1 , characteristic of CO on surface cationic sites, is indicative of the formation of Pd oxide. 29 Note from Figure 6 that Pd oxide shows almost no reactivity (point "b" and beyond). PM-IRAS spectra shown in the right panel of Figure 7 on a Au/Pd (1/5) sample also display a CO-covered metallic state in the first ∼15 min of reaction, following the appearance of the hyperactive state. However, there is no indication for Pd oxidation on the alloy surface as no CO band for surface cations is evident. The reaction rate drop shown in Figure 6 after the reaction time of ∼18 min is primarily due to the complete consumption of CO in the gas phase.
Discussion
The CO oxidation reaction on transition metals follows the Langmuir-Hinshelwood mechanism described as follows: 39
The oxygen desorption step is omitted because this step is negligible below ∼600 K on most late transition metals as well as Pd-Au alloys. 37, 41 Numerous previous studies have shown that all the rate constants are strongly coverage-dependent and k 2 is also strongly temperature-dependent, making quantitative modeling difficult. 37 However, under certain conditions, the CO 2 formation equation can be simplified substantially. Under lowtemperature steady-state conditions, that is, on CO-saturated surfaces, assuming conservation of C and O yields 24,39
This rate equation is fully consistent with experimental findings, for example, ln R ∝ 1/T, +1 order dependence in O 2 pressure and -1 order dependence in CO pressure. [22] [23] [24] [25] [26] [27] [28] With increasing reaction temperature, the steady-state CO coverage will eventually drop to zero while maintaining a metallic surface. In this state, the reaction rate can be simplified as 39
At O 2 pressures below ∼1 × 10 -3 Torr, the experimental results are indeed in line with this expression. 29 At elevated pressures, this hyperactive state, 31 unfortunately, only exists transiently at elevated pressures 29 for two reasons: (1) mass transfer limitation caused by a reduction of the mean free path of the reactants as the pressures rises and (2) a change in the catalyst surface, that is, metal oxide formation caused by an increase in the chemical potential of O 2 as its pressure rises. A dramatic k 3 decrease occurs upon oxidation of the metal surface. We have recently shown that O 2 could only dissociate on contiguous surface Pd sites. 19, 20 The absence of these sites can be proved rather straightforwardly with IRAS using CO as a probe molecule. Indeed, surfaces that have only Au and isolated Pd sites cannot catalyze CO oxidation. O 2 temperatureprogrammed desorption (TPD) and low-energy ion scattering spectroscopy (LEISS) experiments performed by Li et al. over Pd(100)-supported PdAu alloys revealed that O 2 dissociation only occurs on surfaces with Au coverages below ∼0.4 ML. 41 Their findings are fully consistent with our recently published data, 19, 20 and the results shown in this study. Reaction kinetics at 1 × 10 -7 Torr CO pressure shown in Figures 1a and 2 , therefore, reflect the O 2 dissociation capability of various alloy surfaces. It is inferred from the comparison between Figures  1a and 2 that Pd isolation by Au is more complete for the supported particles than for the rather thick films at the same Au/Pd ratios, following the same annealing time (20 min) . This is fully expected, because the interdiffusion of Au and Pd is an activated process (extensive alloying only occurs above ∼600 K 42 ). Previous low-energy ion scattering spectroscopy (LEISS) studies also revealed that the equilibrium surface compositions of a Pd-Au particle and a thin film are different even though their the bulk composition is the same: particles have a higher surface Pd concentration than do thin films. 34, 43 A closer examination of Figure 1b also reveals that alloying does not merely decrease the number of O 2 dissociation sites. Ligand (electronic) effects certainly play a role, resulting in a change . Reaction was carried out in a batch mode at 500 K using an oxidizing CO/O 2 ) 1/10 mixture at PCO ) 8 Torr. Spectra were acquired continuously, and each spectrum was collected for 3 min. The collection time is marked adjacent to each spectrum.
in the reaction activation energy as the Au/Pd ratio of the alloy film is varied.
The combination of Figures 2 and 3 reveals an interesting pressure gap for Pd-Au alloys in CO oxidation: surfaces that are completely inert at low pressures become highly active at elevated pressures. Note that the same behavior has been found recently on PdAu(100). [19] [20] [21] Briefly, this is caused by a rather simple factor: contiguous Pd sites (on which O 2 dissociation occurs exclusively) that disappear via alloying with Au in ultrahigh vacuum could reappear only at elevated CO/O 2 pressures due to preferential segregation of Pd to the surface. The driving force for this process is the stronger interaction of Pd with the reactants than Au. The presence of contiguous Pd sites is demonstrated clearly by the existence of a bridging CO band (∼1990 cm -1 ) at elevated reactant pressures (Figures 4  and 5) . This follows because a bridging CO band configuration on isolated Pd atoms is not possible, as noted experimentally 34, 43, 44 and theoretically. 45 Next, we would like to address the relative reactivity between Pd and Pd-Au at elevated pressures. No easy conclusion can be drawn by considering only the primary steps 1-4. As has been mentioned, all the rate constants are coverage-dependent and k 2 is also temperature-dependent. In the zero coverage limit, the lower binding energy of CO (ads) and O (ads) with the alloy surface indicates that k 1 and k 3 are higher for Pd, whereas k 2 and k 4 are higher for Pd-Au alloys. This qualitative description, however, does not lead to any firm conclusion from rate eq 5. Reaction rates shown in Figure 3 are calculated using a reasonable, yet somewhat arbitrary, density of surface sites for all samples: 1.5 × 10 15 cm -2 . It is believed, however, that the exposed surface sites for the 3 ML Pd and the various Pd-Au alloy particles must be different. One way to calibrate this is to assume that the CO PM-IRAS signal areas for the CO-saturated surface correspond to the exposed surface sites. At 325 K, presumably all possible surface sites are occupied with CO so that signal areas shown in Figure 4 provide a convenient measure of the relative surface sites of the various surfaces. In fact, these peak areas are very close (difference no more than a factor of 2) such that the Arrhenius plots after calibration (not shown) resemble Figure 3 . The experimental data shown in Figure 3 , together with rate eq 5, demonstrate that k 2 plays the rate-limiting role for CO 2 formation at low temperatures. This conclusion is fully consistent with the numerous studies carried out on Pt-group metals, demonstrating that CO desorption is the rate-limiting step in the CO-inhibited regime. [22] [23] [24] [25] [26] [27] [28] A closer examination of the kinetic data shown in Figure 3 reveals that alloys with Au/Pd ratios close to unity have somewhat higher reactivity, whereas at the highest Au/Pd ratio (9/3), the reactivity decreases. Although the exact cause for this rather subtle difference is not clear, it is expected to be the combination of two opposing effects: (1) CO inhibition weakens with an increase in the Au fraction in the alloy, and (2) O 2 dissociation capability decreases with an increase in the Au fraction in the alloy. Note that the former promotes, while the latter inhibits CO 2 formation.
Under net oxidizing conditions and elevated temperatures, the CO coverage becomes far less than the saturation coverage such that CO desorption is no longer the rate-determining step. In this case, the CO 2 formation rate can be approximated as eq 6. As displayed in Figure 6 , Pd has a higher initial reactivity than does a Pd-Au alloy. This is best explained by the higher O 2 dissociation capability (k 3 ) of Pd. The same behavior has been found recently by others under extreme oxidizing conditions. 46 In the hyperactive state (rate jump regime, Figure 6 ), a comparison is not proper because the reaction rate is at least partially affected by mass transfer. It is noteworthy that, at the late stages of the reaction, Pd heavily oxidizes and loses reactivity while Pd-Au maintains its metallic character as well as its reactivity. Pd oxidation is evident by the CO band corresponding to surface cationic sites (Figure 7) .
Finally, in terms of CO oxidation kinetics, very good qualitative agreement is found between supported Pd-Au particles shown in the present study and results for a PdAu(100) single crystal investigated recently. 19, 20 Both systems display rather similar reaction rates (TOF) and activation energies in the low-temperature regime. This means that the structure insensitivity of CO oxidation is largely maintained on Pd-Au catalysts at near-atmospheric pressures. Moreover, the present study demonstrates that the catalyst support material (SiO 2 , TiO 2 , Al 2 O 3 , etc.) does not play a significant role in CO oxidation catalyzed by Pd-Au. Their role is to simply provide the surface area required for technical catalysts. This follows since Pd provides the O 2 dissociation function. Note that this is vastly different from a supported Au-only catalyst where the support material plays a significant role in O 2 activation. [47] [48] [49] [50] [51] Kinetic data shown in Figure 3 reveal that the TOF near room temperature for Pd-Au (0.1-1 molecule site -1 s -1 ) is comparable to the most-active supported Au catalysts. 52 The advantage of Pd-Au over Au-only catalysts also extends to durability: it is well-known that supported Au catalysts generally deactivate at an unacceptable rate for industrial applications because of Au sintering, contamination by carbonaceous species, etc. However, for Pd-Au alloys, sintering may cause a reactivity decrease but will never render them completely unreactive. There also appears to be no reason for Pd to lose the O 2 dissociation capability under mild reaction conditions. For other types of applications, for instance, pollutant removal catalysts in automobile converters, the Pd-Au alloy may also be advantageous in that (1) it is more suitable to resolve the "cold start" problem due to the higher low-temperature reactivity over pure Pd, and (2) it is less likely to oxidize and lose reactivity under net oxidizing (lean burn) conditions.
Conclusions
Pd-Au thin films grown on Mo(110) and Pd-Au particles grown on TiO 2 are used in this study as CO oxidation model catalysts. At low CO pressure (1 × 10 -7 Torr), reaction kinetics provides a straightforward measure of O 2 dissociation capabilities of the various alloy surfaces. Surfaces with only isolated Pd and Au sites do not dissociate O 2 and, therefore, cannot catalyze CO oxidation (a so-called ensemble effect of alloying). The different reaction activation energies of alloys formed with different Au fractions also reveal the electronic effects of alloying. At elevated CO pressures, the otherwise inert samples under low-pressure conditions become highly active, especially at relatively low temperatures. The reactivity reacquired is due to Pd preferentially segregating to the surface to form contiguous Pd sites. Under stoichiometric conditions and relatively low temperatures, Pd-Au alloys show superior reactivity compared with pure Pd. This is due mainly to low CO binding with the alloy surfaces such that the severe CO inhibition with pure Pd under similar conditions is substantially reduced. Under net oxidizing conditions, metallic Pd displays a higher reactivity than does a Pd-Au alloy due to its higher capability of dissociating O 2 . However, pure Pd oxidizes and looses reactivity much more easily than do Pd-Au alloys. Compared with PdAu(100) single crystals (studied recently by us), supported alloys show very similar kinetics at near-atmospheric pressures.
